The ductile-to-brittle transition (DBT) and plastic deformation behaviors were investigated in Fe-(0ϳ2)mass%Cu alloys to understand the effect of solute Cu on the mechanical properties of ferritic iron. The DBT temperature of ferritic iron in Charpy impact test was lowered by the solute Cu although the hardness at room temperature was increased owing to solid solution hardening. Tensile tests revealed that the yield stress of the Fe-1mass%Cu alloy becomes smaller than that of the Fe-0mass%Cu alloy in the temperature range below 223 K through solid solution softening by Cu. The solid solution softening makes slip deformation easy to occur even at such a lower temperature and also at high strain rate. This leads to suppressing twin deformation which induces brittle fracture of ferritic iron at low temperature, and resulting in the shift of DBT temperature to lower side.
Introduction
It has become important to recycle steel scraps from viewpoints of energy-saving and resource-conservation in recent years. However, the scraps contain small amount of Cu which is difficult to eliminate in the steel making process and causes the hot-shortness on hot rolling. This prevents the scraps from being recycled. If the hot-shortness can be avoided by lowering hot rolling temperature, the Cu impurity could be used as an effective alloying element to improve mechanical properties of steels. For instance, it is well known that Cu particles precipitate within ferrite matrix and harden the steels through aging treatment. 1) Therefore, most of interests in Cu bearing steels have been concentrated on the behavior of precipitation hardening by Cu. [1] [2] [3] [4] [5] [6] On the other hand, few efforts have been made for investigating the effect of solute Cu itself on microstructure and mechanical properties of steel. When the Fe-(0ϳ2)mass%Cu alloys transform to massive ferritic structure on air-cooling from an austenite region, Cu exists as supersaturated atoms in solid solution, hence the ferritic steel is hardened somewhat due to the solid-solution strengthening. Precipitation hardening is usually accompanied by the reduction in toughness, but solid-solutioning of Cu might be effective for toughening as in the case of FeNi alloy, 7) because Cu is an austenite former element like Ni.
In this study, ductile-to-brittle transition (DBT) behavior was investigated in Fe-Cu ferritic alloys to understand the effect of solute Cu on the mechanical properties of ferritic iron, and then the plastic deformation behavior of the alloys was clarified by means of microstructural examinations and tensile test.
Experimental Procedures
The alloys used in this study are Fe-(0ϳ2)mass%Cu alloys. The chemical compositions are shown in Table 1 . The ingots were produced in a vacuum with an induction furnace and then hot-rolled to 25 mm thick plates at 1 100 K. This temperature was low enough to avoid the hot-shortness. Specimens were subjected to the solution treatment of 1 273 K-1.8 ks (ST steels). Furthermore, Fe-0mass%Cu (pure iron) and Fe-1mass%Cu alloy (1 % Cu steel) were cold-rolled by the reduction of 56 % and then annealed at 1 073 K in a ferrite single phase region for 1.8 ks in order to control grain size by recrystallization to be about 100 mm (RX steels).
Microstructures were observed with an optical microscope for the specimens which were chemically etched with 3 % Nital etchant. Grain size was determined by comparing the optical micrographs with the ASTM grain-size standard. Hardness was represented by the average of five measurements in Vickers hardness testing (load 98 N). Charpy impact test was performed for the V-notch test pieces (10 mmϫ10 mmϫ55 mm). Tensile tests were carried out with an Instron-type testing machine at the initial strain rates of 10
Ϫ3
, 10 Ϫ1 and 10 0 s Ϫ1 for cylindric test pieces of f3ϫ10 mm gauge dimension. The V-notch in Charpy-impact test specimens and the tensile axis of tensile test specimens were set parallel to rolling direction as shown in Fig. 1. 
Results and Discussion

Ductile-to-brittle Transition Behavior of Fe-Cu
Alloys Figure 2 shows the relation between Charpy impact energy and test temperature in ST steels. All of specimens exhibit clear ductile-to-brittle transition (DBT) behavior and the DBT temperature (DBTT) lowers with an increase in Cu content. Since the ferritic grains of the specimens are refined with increasing Cu content as shown in Fig. 3 , the effect of the grain refinement should be considered on the improvement of low temperature toughness besides the effect of solute Cu. In order to evaluate only the effect of solute Cu on the DBT behavior, the ferritic grain size should be set at the same size in each specimen. Figure 4 represents optical micrographs of the RX steels. Although the grains of the 1 % Cu steel are not equiaxed but elongated parallel to the rolling direction, the ferritic grain size of both specimens was 100 mm. To clarify texture development in recrystallized specimens, crystal orientation was analyzed by EBSP. The EBSP analysis revealed that both specimens have various crystal orientations, therefore it can be thought that remarkable texture is not developed in both specimens. Since Cu is in solid solution within ferrite in recrystallized 1 % Cu steel, 8) it can be thought that the reasons why the ferrite grains were elongated are due to some effect of solute Cu on recrystallization behavior such as a grain boundary dragging effect. 9) There is no favorable effect of the elongated ferrite grains on the Charpy impact energy in the 1 % Cu steel because the V-notch is applied parallel to rolling direction as shown in Fig. 1 . Figure 5 shows a relation between hardness at room temperature and square root of atomic percentage of Cu in Fe-(0ϳ1.5)mass%Cu alloys with grain size of 100 mm. The hardness increases with increasing Cu content. The increase in hardness is only due to the solid solution strengthening by Cu, because it was confirmed that there is no precipitation and also the grain size is large enough to be ignored for grain refinement strengthening. Figure 6 shows relation between Charpy impact energy and test temperature in the RX steels. Both specimens exhibit clear DBT behavior. The DBTT of the 1 % Cu steel is lower than that of the pure iron by 25 K in spite of the higher hardness of the 1 % Cu steel at room temperature. It can be concluded that the toughening at low temperature is due to Cu in solid solution within ferrite. To clarify the effect of the solute Cu on the deformation behavior on the impact test, microstructure near the fracture surface was observed with optical microscope for the Charpy test pieces which were fractured at 223 K, and the results are shown in Fig. 7 . In the pure iron, which has caused brittle fracture (a), the shape of ferrite grains are almost kept as to be equiaxed and deformation twins are induced within ferrite grains. On the other hand, in the 1 % Cu steel, which has caused ductile fractured (b), the elongated ferrite grains and no deformation twin were observed. Figure 8 shows a result of further observation with high magnification for the pure iron in which twin deformation has occurred. It is found that cracks are initiated at grain boundary where the deformation twins impinge, and they propagate into inner of grain.
From these results, the difference in fracture made at 223 K between the pure iron and the 1 % Cu steel is related to the difference in plastic deformation behavior between both specimens. That is to say, pure iron deforms by the formation of twins and causes the brittle cleavage fracture due to the stress concentration at grain boundary, while the 1 % Cu steel does by the dislocation slips which hardly cause the brittle fracture. This suggests that the solute Cu makes the dislocation movement easy to occur even at low temperature in ferritic iron.
Temperature Dependence and Strain Rate
Dependence of Yield Stress in Fe-Cu Alloys Temperature dependence of yield stress was measured for the pure iron and 1 % Cu steel with grain size of 100 mm to clarify the effect of solute Cu on the slip deformation behavior at low temperature. The result at the strain rate of 10 Ϫ3 s Ϫ1 is shown in Fig. 9 . Microstructural observation with optical microscope has revealed that all specimens deformed by slip and no deformation twin was formed during tensile test at the temperature from room temperature to 193 K and strain rate from 10 Ϫ3 to 10 0 s Ϫ1 . Thus, the yield stress shown in this figure can be regarded as the stress required for dislocations to move macroscopically. The yield stress increases with a decrease in temperature in both specimens. Such a strong temperature dependence of the yield stress is characteristic of bcc metals. [10] [11] [12] The temperature dependence in bcc metals at low tempera- ture is often explained with Peierls mechanism. [10] [11] [12] [13] [14] [15] The Peierls stress becomes higher with lowering temperature, and that results in the increase in the yield stress at low temperature. It should be noted here that the yield stress is higher in the 1 % Cu steel than in the pure iron at room temperature due to solid solution strengthening, however, there is a significant difference between these steels in temperature dependence; The yield stress of the 1 % Cu steel becomes smaller than that of the pure iron in the temperature range below 223 K by "solid solution softening". It has been reported that the solid solution softening also occurs in other alloys such as Fe-Ni, Fe-Mn and Fe-Si alloys. 7,12ϳ14,16) There are several theories explaining the mechanism of solid solution softening in ferritic iron. [12] [13] [14] [16] [17] [18] [19] [20] [21] The most widely accepted theory is a decrease in the Peierls stress by solute atom. Chen 13) and Okazaki 14) suggested that the Peierls stress is decreased owing to the decrease in double kink nucleation energy by solute atom and this leads to the solid solution softening. Although the detailed mechanism of solid solution softening in Fe-Cu alloys has not been proved in this study, it is confirmed that the softening behavior of the alloys is quite similar to that of the other alloys.
If the solid solution softening occurs in the 1 % Cu steel even at high strain rate as in the case of Charpy impact testing, it can be reasonably explained why the deformation mechanism on the impact test was changed at low temperature by the addition of 1 % Cu as shown in Fig. 7 . To clarify the effect of Cu addition on the strain rate dependence of the yield stress, tensile tests were carried out at various strain rates. Figure 10 shows relation between yield stress and strain rate in the pure iron and the 1 % Cu steel at 294 K (a) and 223 K (b). The strain rate in Charpy impact test 22) is believed to be about 10 2 s
Ϫ1
. The yield stress at the strain rate of Charpy impact test can be estimated by extrapolating the yield stress data from low strain rate region to the higher strain rate of 10 2 s
. At 294 K (a), the yield stress of the 1 % Cu steel is higher than that of the pure iron in the low strain rate side by solid solution strengthening. However, the yield stress increases with a higher rate in the pure iron than in the 1 % Cu steel. As a result, the yield stress of the 1 % Cu steel becomes smaller than that of the pure iron at the strain rate of Charpy impact test (10 2 s
). When tensile tests were carried out at 223 K (b), the 1 % Cu steel exhibits lower yield stress than the pure iron in the whole range of strain rate and the gap between these yield stresses becomes larger with increasing strain rate. Similar experiments were carried out under various conditions, and then it is concluded that the slip deformation becomes easier to occur in the 1 % Cu steel than in the pure iron in the whole range of temperature under the strain rate on Charpy impact test.
Twin Deformation Stress of Pure Iron and Fe-Cu
Alloy Twin deformation stress was measured for both specimens by means of tensile test at 77 K where yielding occurs with twin deformation. Figure 11 shows nominal stressnominal strain curves of the pure iron and of the 1 % Cu steel which were tensile-tested at 77 K with a strain rate of 10 Ϫ3 s
Ϫ1
. Serrations showing the occurence of twin deformation were observed in the elastic region in both specimens. As a result of tensile tests for several times, no noticeable difference was found between the twin deformation stresses in the pure iron and the 1 % Cu steel, and their values were 462Ϯ38 MPa. On the strain rate dependence of twin deformation stress, Sakui et al. 23) have reported that there is no strain rate dependence, while Harding 24, 25) reported that twin deformation stress slightly increases with increasing strain rate. The increment of twin deformation stress reported by Harding is only about 50 MPa with the increases of strain rate from 10 Ϫ3 to 10 3 s
. This value is almost within the range of the experimental error of the present work. On the other hand, it was reported that twin deformation stress is independent of temperature in bcc metals. 26) Hence, in the next section, twin deformation stress is assumed to be independent of strain rate and temperature. The stress measured here was used as the twin deformation stress at the strain rate of Charpy-impact test.
Mechanism of Toughening in Ferritic Iron by
Solute Cu Figure 12 shows relations among temperature, yield stress depending on slip deformation and twin deformation stress in the pure iron and the 1 % Cu steel at strain rate 10 2 s
Ϫ1
. The twin deformation would occur at the temperature where yield stress is higher than twin deformation stress shown in the left side from the dashed line and the specimen should cause a brittle fracture in this temperature range. An intersection of a yield stress-temperature curve and the twin deformation stress corresponds to DBTT. The intersection for the 1 % Cu steel lies in the lower temperature side than for the pure iron, and it approximately corresponds to the experimentally observed DBTT which was shown in Fig. 6 . From these results, it can be concluded that the improvement of low temperature toughness by Cu addition is successfully explained by the solid solution softening by solute Cu which makes slip deformation easy to occur at low temperature.
Conclusions
(1) Solid-solutioning of Cu decreases the ductile-tobrittle transition temperature (DBTT) of ferritic iron.
(2) Solute Cu causes the solid solution softening of ferrite at low temperature. The solid solution softening becomes more significant with decreasing temperature or increasing strain rate.
(3) The solid solution softening by solute Cu makes the slip deformation easy to occur at low temperature. This leads to suppressing the formation of deformation twins even at low temperature, and resulting in the shift of DBTT to lower side. . These yield stresses were extrapolated from the experimental values measured at several lower strain rates.
